In this paper, we propose a new traffic model (with correlations in interarrivals), herein referred to as Correlated Interarrival time Poisson Process (CIPP), for modeling the VBR video traffic. The CIPP -a generalization of the Poisson process with stationary increments -is parameterized by a correlation parameter 'p' which represents the degree of correlation in adjacent interarrivals in addition to 'A' the intensity of the process. We present the theory for the CIPP/M/l queue and derive the corresponding expressions for queueing performance measures of interest. We undertake the performance modeling of statistical multiplexer with VBR video traffic input using the CIPP/M/l queue. The simulation results show that the CIPPM1 queue approximates well the queueing situation as encountered by the VBR traffic in broadband networks.
INTRODUCTION
TWO classes of traffic models have been investigated for modeling the bit rate of a VBR video source, namely, Short Range Dependent (SRD) models [l, 2, 3, 41 and Long Range Dependent (LRD) (or self-similar) models [5, 61 . The above models are intended to capture the correlation in the count sequence (packets per frame) either by an ARMA model as in [3] or by the modulating Markov chain as in SRD models. In models based on self-similarity or LRD, correlations are in the rate process (equivalently packets per unit time). We believe that it is more appropriate to have a model which captures the correlation in the interarrival sequence rather than the correlation in count sequence as is the case with the above models.
We know that correlations in interarrivals necessarily imply correlations in the number of counts; however converse of this statement is not necessarily true. A good example would be the renewal process. Hence, we contend that, a model capable of capturing the correlation in the interarrival sequence is a more appropriate candidate in the context of modeling teletraffic data. Moreover, the interarrival correlation plays a major role in exhibiting the self-similar behaviour in increments of the corresponding counting process. In the light of above, we are motivated to define a process, whose interamvals are correlated. In [7] , we have proposed Correlated Interarrival time Poisson Process (CIPP) for modeling VBR video traffic. The CIPP, a stationary counting process, is parameterized by a Correlation parameter 'p' which represents the degree of correlation in adjacent interarrivals in addition to 'A' the intensity of the process. It has been further shown that the CIPP does exhibit selfsimilarity over a range of time scales of interest.
In this paper, we study the CIPP/M/l queue and discuss the implication of correlation in interamvals on the queueing performance. We undertake the performance modeling of statistical multiplexer with real world VBR video traffic, using CIPPIMI1 queue. The rest of the paper is organized as follows: In Section 2, we give a brief account of the CIPP process. Section 3, gives analytical results for C I P P M l queue and discusses the implications of these results. In Section 4, the performance modeling of statistical multiplexer is presented. Section 5 concludes the paper.
CORRELATED INTERARRIVAL TIME POISSON PROCESS (CIPP)
We wish to define a counting process N ( t ) which retains as far as possible all the nice properties of the Poisson process, but has correlated interanivals. Typically, we would like to have interamvals being exponentially distributed apart from being correlated. Motivated by the analytical simplicity of the method of generating stationary correlated exponential sequence (first order exponential autoregressive process (EAR( 1))) developed by Gaver and Lewis [8] , we present the following formalism for defining CIPP. 
In words, in sufficiently small intervals, at most one arrival can occur: i.e., it is not possible for arrivals to happen simultaneously. The process is orderly, in the sense of Daley et a1 [9] . Remark 2: The main difference between the axiomatic definition of the Poisson process and the CIPP, is the addition of Axiom 2 and the relaxation of the independence assumption in Axiom 3.
Let Pn(t) 2 P r { N ( t ) = n}, be the probability that the number of arrivals in the interval (0, t] is n.
Lemma 1 CIPP with parameter X and p has the distribution, cy, + l)(aj -pcyn),forn = 0,1,2,. . . , x > 0, t 2 0 and cyj = CLOP'
The proof of the lemma and other details regarding CIPP are given in [7] .
Remark 3:
The prime reason for assuming (1) for the interarrival sequence is to mimic the self-similar behaviour in increments for the corresponding counting process. Note that, to mimic a self-similar process with 0. ( 5 ) and (6)). Finally, the sequence {X,} is obtained as an additive random linear combination of random variables, and is thus easy to simulate on the computer.
Remark 4:
We would like to mention here that, the number of parameters needed to exhibit the pseudo-self-similar behaviour is minimal in CIPP as compared to the conventional SRD models like MMPP and DBMAP. For example in MMPP, the number of parameters is N 2 for N state MMPP ( N 2 -N for infinitesimal generator and N for the intensity matrix A) while in CIPP it is always two namely, X and p. Remark 5: In [7] , it has been shown empirically that, the (estimated) local Hurst parameter increases monotonically with p. This is a convenient way of associating the parameter p with the local Hurst parameter (a measure of degree of self-similarity) of the resulting CIPP trace, unlike in other SRD models where too many parameters decide the degree of pseudo-self-similarity, and one does not know which of them have crucial roles in exhibiting pseudo-self-similarity. The above feature of CIPP makes it more suited for practical purposes, when one needs to fit a CIPP model to the real world data, say, a video sequence of given H parameter. Global Telecommunications Conference -Globecom'99
[13], the memory of the process is limited to the latest phase renewal instant and the process completely forgets the past after that point. Note, to exhibit self-similarity or long range dependence, the process should have infinite memory. The memory of the CIPP process at time t , is limited to the arrival instant just prior to the latest arrival instant (and the latest interarrival is again dependent on its previous interarrival and so on). Quantitatively, this extent of memory is controlled by the correlation parameter p.
CIPPM1 QUEUE
We consider a single server FCFS queue with CIPP arrivals and exponentially distributed service times with parameter p. We give here only the analytical expressions for the waiting time distribution and buffer occupancy distribution. Stationary Queue Length:-We denote the stationary probability of j number of customers in the queue by Pj. (6) that, p has nothing to do with the stability of the queue. It is only the ratio of X to p (which is implicit in T) that decides the stability of the queue.
Impact of Correlations on Queueing Performance:
One of the intriguing question in the queue with correlated arrivals is about the impact of correlation in interarrivals on the queueing performance. Livny et a1 [16] , after carrying out extensive simulations have concluded that positive correlation always leads to degradation in queueing performance (in their case mean waiting time). The effect of negative correlations, however, is not clear; it might either degrade or improve the queueing performance. We saw that in CIPP, the increments have positive correlation. Moreover, the analytical results (and their verification by simulations) given in Section 3, shows that the queueing performance degrades as p increases. Thus we have analytical results (to best of the knowledge of the authors, it is the first time in literature to have such a result) corroborating Livny's empirical observation. 
PERFORMANCE MODELING OF STATISTICAL MULTIPLEXER WITH

IC
vided by the link capacity), when we simulate queues with such arrival process. We use the above procedure as an approximation for exponential service'. (The purpose of the whole procedure is to (i) consider exponential distribution for service intervals, in order to use the theory for C I P P M l queue for our performance modeling study, (ii) obtain realistic results considering the fact that the real world broadband switch serves a packet proportional to the length of the packet. This forces us to consider the variable sized packets for our study). Then the smoothed packet stream is fed into an infinite buffer single server queue. We estimate the queueing performance measures, the mean waiting time for packets and the mean number of packets from simulations. We thus get the experimental results corresponding to data. To get the theoretical results, we fit the CIPP to the video trace data by autocorrelation matching (details omitted here) and compute the above mentioned queueing performance measures corresponding to the "best fit" CIPP. Simulation Results: We consider the race ( H = 0.71)
MPEG-1 VBR video sequence for our experiments. Figure 3 shows our results for mean waiting time for packets in the buffer for race video sequence. One may see that, the C I P P M l queue models well the queueing situation encountered by the race video sequence data, except at higher loads, where the C I P P M 1 queue overestimates the mean waiting time. This is desirable since, for network dimensioning purpose, it is more convenient to use a model which marginally overestimates the mean waiting time. The results corresponding to mean number of packets in the buffer (Figure 4) , follows the same behaviour and results are readily interpretable. The M/M/1 queue curve shown in the above plots, seriously underestimates the mean waiting time. This corroborates the work by Paxson[l7].
CONCLUSIONS
In this paper, we have considered a counting process (herein called CIPP) with correlated interarrivals and derived its distribution. We have successfully applied the process for performance modeling of statistical multiplexer with the real world VBR traffic. The results show that the queueing behaviour of CIPP approximates well the queueing situation as encountered in VBR traflic in broadband networks for infinite capacity cases. We believe that, the theoretical approach proposed in this paper, will be a useful tool in supporting real-time ATM network traffic management. Future work involves considering the priority queues with CIPP arrivals. 6. REFERENCES 
